Summary: [6-14 C] Glucose is the tracer sometimes recom mended to assay cerebral glucose utilization ( CMRg l c) during transient or brief functional activations, but when used to study visual stimulation and seizures in other lab oratories, it underestimated CMRg!c. The metabolic fate of [6-14 C] glucose during functional activation of cerebral metabolism is not known, and increased labeling of dif fusible metabolites might explain underestimation ofCM R g ]c and also reveal trafficking of metabolites. In the cur rent studies cerebral cortex in conscious rats was unilat erally activated metabolically by KCl application, and CMR g ]c was determined in activated and contralateral control cortex with [6-14 C]glucose or 2-[14 C]deoxy glucose ([ 14 C]DG ) over a 5-to 7-min interval. Local 14 C concentrations were determined by quantitative autoraActivation of a neural pathway increases the local rate of ion pumping, which, in turn, stimulates the rate of utilization of glucose (CMRglc) to provide the energy for restoration of ionic gradients (Mata et aI., 1980) . Coupling of function and metabolism made it possible to map functional neural pathways by quantitative autoradiography and to determine the quantitative relationships between stimulus in tensity and magnitude of metabolic change in the structures of the pathway (Sokoloff, 1982) . Because transient physiological and pathophysiological events, such as mental activation and epileptic sei zures, are often difficult to maintain for prolonged intervals, rapid procedures to assay brief, focal in-diography. Labeled precursor and products were mea sured bilaterally in paired cortical samples from funnel frozen brains. Left-right differences in 14 C contents were small with [6-14C] creases in functional metabolism in brain are re quired.
All procedures to assay rates of glucose utiliza tion in brain in vivo with radiolabeled tracers as sume a steady state for carbohydrate metabolism during the period of measurement. The experimen tal period for the [6-1 4C]glucose method is limited to 10 min (Hawkins et aI., 1985) , thus obviating the requirement of a steady state for longer periods, and labeled glucose also has the advantage that no corrections must be made for kinetic differences be tween the tracer and the natural substrate, as is required with glucose analogues such as deoxyglu cose (DG) (Sokoloff et aI., 1977) . Regardless of which tracer is used, the amount of label remaining in the precursor pool at the end of the experimental interval must be estimated and subtracted from the autoradiographically measured total quantity of la bel in each brain structure to determine the amount of labeled metabolic product. Rate constants for hexose transport and phosphorylation are required both to estimate the quantity of unmetabolized tracer remaining in the tissue and to calculate the integrated specific activity of the precursor pool in brain from the time course measured in plasma. Er rors that can arise from inaccuracies in the values of the rate constants have large influences on calcu lated CMRglc when the experimental time is short, but the impact of such errors diminishes with time after administration of the tracer. The [14C]DG method takes advantage of the greater metabolic stability of the phosphorylated derivatives of DG compared to those of glucose, and a 35-to 45-min experimental period can then be used to minimize errors due to uncertainties in the values of the rate constants (Sokoloff et aI., 1977) .
Calculated CMRglc obtained with [6-14C]glucose and e4C]DG have been reported to be similar in normal rats (Collins et aI., 1987; Lear and Acker mann, 1988) , but values for CMRglc during photic stimulation and seizures are much too low when [6-14C] glucose is the tracer; this underestimation of CMRglc with [6-14C] glucose has been ascribed to loss of rt4C]lactate from brain during the routine 5-to lO-min interval (Collins et aI., 1987; Ackermann and Lear, 1989) . The fraction of [6-14C] glucose con verted to labeled lactate and the amount of [14C]lac tate lost from brain were not directly determined in the above studies, and the metabolic fate of [6-14C] glucose during functional activation of me tabolism is not known. Diffusion of metabolites might lead to loss of labeled products and reveal trafficking of metabolites from activated tissue. The critical assumption that all labeled metabolites of [6-14C] glucose are trapped in the brain tissue for the duration of the experimental period, presumably in the large amino acid pools (Hawkins et aI., 1985) , has never been directly tested under various condi tions of metabolic activation.
We recently found that metabolites of rt4C]DG accounted for about 70% of the total 14C in brain at 10 min after a pulse , indi cating that DG might be a useful tracer for detection of focal metabolic activation even during brief ex perimental periods. In the present study we used unilateral, topical application of KCl to increase CMRglc in one hemisphere and examined the meta bolic fate of [6-14C] (Adachi et aI., 1993) . 
MATERIALS AND METHODS

Chemicals
Animals
Male Sprague-Dawley rats (Taconic Farms, Ger mantown, NY, U.S.A.) weighing 300-400 g were fasted overnight to stabilize plasma glucose levels. On the following day burr holes (2 mm in diameter, placed 2.5 mm to the left of the midline and 4 mm posterior to the bregma) were drilled through the skulls of the anesthetized rats (1 % halothane, main tenance dose) with a trephine. The intact dura un der the burr hole was covered with Gelfoam (U p john, Kalamazoo, MI, U.S.A.) soaked in 0.9% sa line, and catheters (PE-50) were inserted into a femoral artery and vein. A plaster cast was applied around the lower torso for restraint, and at least 2.5 h was allowed for recovery before the experimental procedure.
Rectal temperature was monitored with a therm istor (Yellow Springs Instrument Co., Yellow Springs, OH, U.S.A.) and maintained at 37°C with a thermostatically controlled heating lamp. Arterial blood gases and pH were determined with a Model 170 pH/blood-gas analyzer (Corning Medical Scien tific, Medfield, MA, U.S.A.). Arterial hematocrit was determined from blood samples after centrifu gation. Mean arterial blood pressure was measured with a blood pressure analyzer (Micro-Med, Louis ville, KY, U.S.A.) that had been calibrated with an air-damped Hg manometer. Plasma glucose content was measured with a Glucose Analyzer 2 (Beckman Instruments, Fullerton, CA, U.S.A.).
All procedures in the animals were in strict ac cordance with the NIH Guide for Care and Use of Laboratory Animals and were approved by the lo cal Animal Care and Use Committee.
Experimental procedures
Unilateral application of KCl to the dura induces spreading cortical depression and stimulates CMRglc in the ipsilateral cerebral cortex (Shinohara et aI., 1979) . Cotton pledgets soaked in 5 M KCI were ap plied to the exposed, but intact dura on the exper-imental (left) side of conscious rats at 15-min inter vals. Within about 5 min after the first application of KCI the rats exhibited marked right forelimb (hind limbs were restrained) hemiparesis and hypomyo tonia that were maintained throughout the experi mental period.
The possibility of damage to the blood-brain bar rier in the proximity of the burr hole due to high local levels of KCI was examined in preliminary experiments. Rats (n = 6) were injected intrave nously with Evans blue [1 ml of 2% (wt/vol) dis solved in 0. 9% NaCl] 10 min before application of the KCI and were killed 15-60 min later. Some rats were anesthetized with pentobarbital (30 mg/kg) , perfused via the ascending aorta, first with 0.9% NaCI to wash out the blood from the vasculature and then with 4% paraformaldehyde [4% (wt/vol) in 0. 1 M phosphate buffer, pH 7. 4]; other rats were killed without perfusion of the vasculature and fixed by overnight immersion in 4% paraformaldehyde in 0. 4 M sucrose. The fixed brains were frozen and mounted on cryostat chucks with embedding me dium and then cut into 20-j.Lm sections and exam ined by fluorescence microscopy. Virtually all of the Evans blue was located within the vasculature, indicating no gross damage to the blood-brain bar rier (results not shown).
Separate groups of rats were used to compare the rates of glucose metabolism measured with [6-14C]glucose and with [1_14C]DG during 5-to 7-min experimental periods. The 45-min experimen tal period normally used with e4C]DG was also used in a few animals in which KCI was applied at 15-min intervals throughout the 45-min period. An intravenous pulse of either [6-14C]glucose or [1_14C]DG (about 100--150 j.LCi/kg) was injected 20 min after the first application of KCI, and timed samples of arterial blood were drawn at frequent intervals after the pulse (i. e. , about 10 during the first min and at I-min intervals thereafter) for de termination of plasma [14C]hexose and glucose con tents. Levels of 14C in plasma were assayed by liq uid scintillation counting (Model LS5801, Beckman Instruments) with external standardization. About 5 min after the tracer pulse the rats were lightly anes thetized with thiopental (15 mg/kg, i. v. ), and their brains were funnel-frozen in situ with liquid nitro gen (ponten et aI., 1973) . Oxygen (100%) was pro vided during the funnel-freezing procedure via a nose cone to minimize hypoxia. Immediately before and � 1 min after starting the freezing procedure, additional samples of arterial blood were taken for determination of the glucose, e4C]glucose, and [14C]DG contents of plasma; these values were used to calculate brain:plasma distribution ratios. Also, a second sample was taken at 1 min for determination of blood pH and gases. The brains were stored at -80°C until dissected, extracted, and analyzed for their contents of 14C-Iabeled compounds.
Sampling and extraction of brain tissue
The frozen brains were warmed to about -25°C in a cryostat, and three pairs of samples (�2 mm wide) weighing about 5-15 mg were dissected out from homologous regions of the experimental (left) and control (right) cerebral cortex of each brain; one pair was taken about 2 mm posterior to the burr hole, and the other two pairs were taken about 2 and 6 mm anterior to the burr hole. The remainder of each brain was cut into 20-j.Lm-thick sections in a cryostat at about -20°C, dried at 60°C, and ex posed to SB-5 x-ray film (Kodak, Rochester, NY, U.S. A. ) for determination of local levels of total 14C by quantitative autoradiography. Tissue samples were extracted with ethanol (to prevent acid hydro lysis of glycosidic linkages of metabolites of DG and regeneration of DG in vitro) as described previously (Dienel . et aI. , 1990) . The ethanol extracts were stored at -80°C until analyzed for their contents of glucose, e4C]glucose, [14C]DG, and labeled metab olites as described below.
Separation of 14 C-labeled metabolites from 14 C-labeled hexoses
[14C]Glucose and e4C]DG and their labeled me tabolites recovered in ethanol extracts of brain were separated on a CarboPac PAl anion-exchange col umn with a BioLC HPLC System equipped with a pulsed amperometric detector (Dionex, Sunnyvale, CA, U.S. A. ). The HPLC elution schedule em ployed NaOH and sodium acetate as eluants and an elution program that separates the hexoses from their labeled metabolites. DG and glucose eluted at about 4-5 and 6 min, respectively, and their acidic derivatives were recovered in fractions that eluted later. The elution schedule, a modification of our previous schedule , was as follows: 0.085 M NaOH from 0 to 15 min, 0. 1 M NaOH plus 0.4 M sodium acetate from 15.1 to 30 min, and 0. 2 M NaOH from 30.1 to 45 min. Samples of the eluates were collected at 0.5-min intervals between 4 and 8 min and at I-min intervals there after, neutralized with glacial acetic acid, and' as sayed for their 14C contents by liquid scintillation counting. Unlabeled glucose in the ethanol extracts was determined with the pulsed amperometric de tector; its concentration in each sample was quan tified by comparison of the area under the peak with those obtained with standards. Because brain sam ples contain unlabeled and labeled compounds that might coelute with glucose, portions of some sam-pIes were separated before and after derivatization of the glucose with A TP and hexokinase (Lowry and Passonneau, 1972) . Virtually all of the 14C and also the unlabeled compounds recovered in the glu cose fraction and detected by the pulsed ampero metric detector were converted to glucose-6-phos phate and recovered in the appropriate HPLC frac tion. Values obtained for glucose by the HPLC procedure and by enzymatic, fluorometric assays were essentially the same (results not shown). The elution time of labeled DG was calibrated with un labeled standards; all of the 14C recovered in the DG fraction was previously demonstrated to be DG (Di enel and Cruz, 1993) . Recovery of total 14C from samples containing e4C]DG and its labeled metab olites from the HPLC column previously averaged -100% Dienel et aI., 1993) ; similar recoveries were obtained for e4C]glucose containing samples. Because organic acids and amino acids are not detectable with the pulsed am perometric detector, 14C-Iabeled lactate, alanine, glutamine, glutamate, a-ketoglutarate, and pyru vate were used to calibrate the elution times of these compounds. 14C-Labeled alanine and glu tamine eluted at 4-5 min; e4C]lactate eluted at 10-12 min; and 14C-Iabeled glutamate, pyruvate, and a-ketoglutarate, and also unlabeled glucose-6-phos phate eluted at 18-20 min. The 14C in samples of brain labeled in vivo with [6-14C] glucose that was recovered in the same HPLC fraction as the e4C]lactate standard was confirmed to be 14C_ labeled lactate by incubation of the tissue extract in parallel with and without lactate dehydrogenase, NAD, glutamate-pyruvate transaminase, and gluta mate (Lowry and Passonneau, 1972) to convert the labeled lactate sequentially to pyruvate and then to alanine. The quantities of unlabeled lactate in ex tracts of two of the three pairs of samples from each brain were determined with the enzymatic assay de scribed above and measurement of NADH fluores cence (Lowry and Passonneau, 1972) .
Estimation of CM Rglc
CMRglc was calculated by dividing the concentra tion of labeled metabolites in brain by the integrated specific activity of the plasma precursor pool. CMRglc determined with [14C]DG was also divided by the value of the lumped constant corresponding to the measured level of glucose in each sample according to the previously determined relationship between these variables (Dienel et aI., 1991) . Be cause the rats were killed by funnel-freezing, there was uncertainty about the exact time when metab olism ceased. Liquid nitrogen was applied to the brain surface at 5.8 ± 0.3 and 5.9 ± 0.2 min (mean ± SD; n = 6/group) for the DG and glucose groups, respectively; the last blood samples were drawn at 7.0 ± 0.3 min for both groups, and the rats were decapitated at 8.0-9.4 min. It is likely that the ce rebral cortex was frozen within 1 min, and the in tegrated specific activities for the plasma precursor pools were calculated on the basis of an experimen tal period that terminated 1 min after initiation of the freezing procedure (i.e., -7 min). Integrated specific activities in plasma calculated on the basis of an experimental period determined by decapita tion time, i.e., at 8-9 min, were 10 and 20% higher than those at 7 min, respectively, indicating that errors of < 1 min in the estimate of the time of freez ing of the tissue would have no more than a 10% effect on calculated CMRglc. The measured specific activities in the plasma rather than the calculated tissue precursor pool were used to calculate CMRglc to avoid errors due to inaccuracies in the values of the rate constants. The calculated values for CMRglc are, therefore, minimal values because the integrated specific activity of the true precursor pool in brain would be lower than that in plasma due to the lag of the tissue behind the plasma (Sokoloff et aI., 1977) . To assess the magnitude of the effects of this simplification the integrated specific activity of the precursor pool in brain and the predicted level of unmetabolized precursor in brain were also calculated with the operational equation of the DG method with standard values for the rate constants. For DG, the mean values for gray matter were used [i.e., Kl* = 0.189, k2* = 0.245, and k3* = 0.052 (Sokoloff et aI., 1977) ]; the corresponding values for glucose (i.e., Kl -0.126, k2 -0.163, and k3 -0.156) were based on the kinetic differences be tween DG and glucose in their rates of transport across the blood-brain barrier (i.e., Kl*/Kl -k2*/k2 -1.5) and phosphorylation (i.e., k3 */k3 -3) by rat brain hexokinase (Grossbard and Schimke, 1966; Pardridge et aI., 1982) .
RESULTS
Physiological variables
Values for mean arterial blood pressure, hemat ocrit, Pao2, Paco2, and pH and arterial plasma glu cose level prior to the application of KCI were ap proximately the same in the rats given 14C-Iabeled glucose or DG and were similar to normal control values routinely obtained in our Laboratory (Sokoloff et aI., 1977) . Also, the values for blood pH (about 7.38), Pao2 (about 450 mm Hg), and P aco2 (about 46 mm Hg) obtained at about 1 min after initiation of the funnel-freezing procedure were similar in the two groups of rats; Pa02 values were high because 100% O2 was used in place of room air to minimize hypoxia during the fu nnel freezing procedure. In a separate group of six rats subjected to bilateral spreading depression, blood pH, Paco2, and Pao2 (pao2 levels were -90 mm Hg) were not statistically significantly different before and 25 min after KCI application (results not shown).
Left-right differences in total 14 C concentrations in brain tissue
CMRglc would be expected to rise by about 20-100% in various regions of the KCl-treated cerebral cortex and to decrease in the ipsilateral caudate nu cleus (Shinohara et aI., 1979 Lear (1993) . The levels of 14C were highest in the most external and internal layers of the cerebral cortex in all six of the rats injected with e4C]DG, whereas 14C concentrations were rather similar in all cortical layers of the rats given [6-14C]glucose (Fig. 1) . The left-right differences in total 14C con tent of the cerebral cortex observed with e4C]DG at 5-7 min (Fig. 1, Table 1 ) were similar in magnitude to those previously fo und for CMRglc with [14C]DG used with a 45-min experimental period (Shinohara et aI., 1979; Kocher, 1990) . On the other hand, the expected depression of CMRglc in the caudate putamen was not reflected in changes in total 14C content at 5-7 min (i.e., -6%; Table 1 ) compared to 45 min [i.e., -33% (Shinohara et aI., 1979) ], pre sumably due to the large fraction of e4C]DG (i.e., at least 50%; see below) that still remained in the pre cursor pool. The reduced 14C content in the left caudate was more easily detected within 5-7 min with [6-14C]glucose (i.e., left-right difference in to tal 14C content equal to -17%; Table 1) . Also, the level of total 14C in the corpus callosum tended to be [6_14g Glucose, 5 min. For glucose, the left-right differences were 6.2 ± 6.5 and 10.3 ± 10.7% (p < 0.06) for the genu and lateral regions of the corpus callosum, respectively; for DG, the differences were 2.7 ± 0.9 and 7.4 ± 3.7% (p < 0.01), respectively.
slightly higher in the left than in the right hemi sphere in the rats given either tracer (Fig. 1, Table 1 ).
Precursor and product levels and estimates of CMRgIc in activated and control cerebral cortex Failure of [6-14C]glucose to exhibit left-right dif ferences in total 14C content in the cerebral cortex as large as those observed with e4C]DG was unex pected because glucose is the preferred substrate for brain hexokinase compared to DG (Sols and Crane, 1954; Grossbard and Schimke, 1966; Par dridge et aI., 1982) . To determine whether increased metabolism of [6-14C] glucose in the experimental hemisphere might be obscured in assays of total 14C by autoradiography, 14C-labeled precursor and products and also the levels of unlabeled glucose were assayed chemically in tissue extracts from funnel-frozen brain. Brain glucose levels and brain:plasma distribution ratios for glucose were 2�30% lower in experimental cortex than in con trol cortex in both the e4C]glucose and the e4C]DG groups ( Table 2 ), indicating that the rate of glucose consumption in the activated cortex exceeded the rate of its supply. By 5-7 min tissue:plasma distri bution ratios for both labeled and unlabeled glucose were approximately the same in all samples. The levels of total 14C in experimental and control cor tex measured by autoradiography and by direct as says of 14C in ethanol extracts of tissue agreed within about 5% (Tables 1 and 2 Table 2 ). Because less free glu cose and [6-14C]glucose remained in the precursor pool but was not recovered in the accumulated la beled metabolite pool in the experimental cortex, the rate of phosphorylation of e4C]glucose must have been increased and labeled products must have been lost from the activated cerebral cortex.
The magnitude of increase in CMRglc would be expected to vary in different regions of the cerebral cortex, and the highest values would be expected at the peak of the wave of spreading depression (Kri vanek, 1958 (Kri vanek, , 1961 (Kri vanek, , 1962 Rosenthal and Somjen, 1973; Mayevsky and Chance, 1974; Shinohara et aI., 1979; Gj edde et aI., 1981; Mies and Paschen, 1984; Kocher, 1990) . CMRglc calculated with the chemically measured levels of labeled metabolites of [6-14C]glucose in each hemisphere was, however, similar in the experimental and control cortex (i.e., �16%) ( Table 2 ). The corresponding values ob tained with e4C]DG were 4�80% higher than those with glucose, and the left-right difference was also greater ( Table 2) . The values of CMRglc determined with e4C]DG took into account the level of glucose Values are means ± SD (n = 6/group) . Three pairs of samples were taken from the left and right cortex of each brain and assayed for glucose and labeled compounds by HPLC; mean values for each variable were calculated for each rat and used to calculate left-right differences for that rat. The minimum CMRglc was calculated by dividing the concentration of labeled metabolites in brain by the integrated specific activity of the plasma precursor pool. This is a minimal value because the integrated specific activity of the true precursor pool in brain is lower than that in plasma; values would be about 40% higher for both DO and glucose if the estimated integrated specific activities of the brain precursor pools were used (see Discussion). Values obtained for DO were obtained with values of the lumped constant corresponding to the brain glucose concentration determined in each sample. Statistically significantly different left-right differences were identified with the two-tailed paired t test. a p < 0.01 and bp < 0.05, values for CMRglc obtained with DO are statistically significantly greater than those obtained with glucose (two· tailed t test).
in each tissue sample; the small decrease in the level of glucose in the activated cortex ( � 30%) caused slight increases in the value of the lumped constant (i.e., � 15%) in that hemisphere (Table 2) .
When e4C]DG was the tracer, the level of total 14C increased heterogeneously throughout the entire experimental cortex (Fig. 1, Table 1 ). This expected variability was evident in the levels of labeled me tabolites and CMRgl C determined for the individual dissected samples (Fig. 2) . In contrast, when [6-14C]glucose was the tracer, the high values for CMRgJc observed with DG were absent, and the ranges of values were compressed around their re spective means (Fig. 2) . The extent of variability and magnitude of average change in the levels of total 14C, 14C-Iabeled metabolites, and calculated CMRgJc in the experimental cortex were much lower with [6-14C]glucose. These results suggest that loss of labeled metabolites was greatest in the regions of cortex with the highest rates of glucose utilization.
FIG. 2.
Left-right (spreading depression vs. control) differences in total14C contents and in levels of 14C-labeled metabolites in etha· nol extracts of brain and also in estimated CMRg,c' Rats were killed by funnel-freezing at 5-7 min after an intravenous pulse of [6-14C]glucose or [ 1 4C]OG. Three pairs of samples were dissected from the left and right cerebral cortex of each of six brains per group, and the contents of total 14C and 14C-labeled metabolites and the minimum CMRglc were determined in extracts of each sample (see Materials and Methods). Values are individual left-right differences for each pair of samples expressed as a percentage of the level in the right (control) cerebral cor tex; the horizontal and vertical lines are the means + 1 SO (n = 18), respectively, for each group (see Table 2 ). All mean values for the OG (filled symbols) groups were statisti cally significantly greater than those for the glucose (Glc; open symbols) groups (p < 0.05, two-tailed t test). 
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C-Labeled lactate is a major metabolite of [6-C]glucose in KCI-activated tissue
When recoveries of 14C in various HPLC frac tions derived from left and right cortices from rats injected with [6-14C]glucose were compared, the 14C content of only one fraction (i.e., HPLC Frac tion 4) increased significantly in the activated tissue (Table 3) . 14C-Labeled lactate standard was recov ered in HPLC Fraction 4, and nearly all of the 14C recovered in Fraction 4 from extracts of cortex could be enzymatically converted to labeled alanine by in vitro incubation with lactate dehydrogenase and glutamate-pyruvate transaminase (see Materi als and Methods) and recovered in HPLC Fraction 2 (data not shown). Thus, 14C-Iabeled lactate is a prominent metabolite of [6-14C]glucose when CMRglc is activated by topical application of KCl. The proportion of 14C recovered in all of the other HPLC fractions, except for HPLC Fraction 1, was about 20-30% lower in the activated cortex than in corresponding regions in the control cortex (Table  3 ). The quantity of 14C recovered in HPLC Fraction 2 (which contains labeled alanine and glutamine and, perhaps, other unidentified labeled com pounds) accounted for only 5-8% of the total 14C in either hemisphere, a percentage lower than that re covered in the lactate fractions from either hemi sphere. The quantity of 14C recovered in HPLC Fraction 5 (which contained glutamate and other unidentified acidic metabolites) was lower in the ac tivated compared to the control cortex (compare Tables 2 and 3 ). These results indicate that the major acidic and neutral amino acid pools did not trap the additional 14C derived from the increased con sumption of [6-14C] glucose in the activated tissue.
At the end of the 5-to 7-min labeling period the amount of labeled lactate accumulated was propor tional to the concentration of unlabeled lactate that was reached in the same tissue sample during the 25-to 27-min interval after the first application of KCI (Fig. 3) . The contents of unlabeled and 14C_ labeled lactate were both elevated in the experimen tal (left) cerebral cortex; the left-right differences for labeled and unlabeled lactate were 460 ± 278 and 472 ± 346% (mean ± SD; n = 12) of the levels in the right cortex, respectively (p < 0.001, two tailed paired t test). The levels of lactate in 8 of the 12 samples from the right (control) hemispheres were near-normal (i.e., <2.1 fLmol/g) (Fig. 3) .
The specific activities of glucose and lactate in brain were relatively constant over the sixfold range of brain glucose levels observed in the experimental and control hemispheres (i.e., about 0.5 to 3 fLmoll g) (Fig. 4) . At the end of the 5-to 7-min experimen tal period the mean (±SD) specific activities of glu cose in the control [i.e., 65 ± 11 nCi/fLmol (n = 12)] and experimental cortex [i.e., 62 ± 11 nCi/fLmol (n = 12)] and in arterial plasma [i.e., 66 ± 15 nCi/fLmol (n = 6)] were essentially the same. The specific activity of lactate was not influenced by the size of the lactate or glucose pools (Figs. 3 and 4) , and the ratio of the specific activity of lactate to that of glucose in brain (i.e., 0.45 ± 0.14; n = 24) was close to that expected (i.e., 0.5) if all of the lactate orig- Values are means ± SD of 18 samples (i.e., 3 samples from each of the 6 rats injected with [6-14C]glucose). Labeled compounds in ethanol extracts of cerebral cortex were separated by HPLC using a Dionex BioLC system and an IonPac PAl column as described under Materials and Methods. Samples of the column effluent were collected at timed intervals and assayed for their 14C contents. Most of the 14C was recovered in the fractions shown, and recoveries of total 14C from the column averaged about 100%. Elution times of standards were determined in separate experiments using unlabeled (i.e., glucose and glucose-6-P) or 14C-labeled compounds (i.e., amino acids and organic acids that are not detected with the pulsed amperometric detector) (see Materials and Methods) . Nearly all of the 14C recovered in HPLC Fractions 3 and 4 was labeled glucose and lactate, respectively. The 14C recovered in HPLC Fraction 3 (i.e., the glucose fraction) could be removed from Fraction 3 and recovered in Fraction 5 by prior incubation of the sample with hexokinase, ATP, and MgCI2• When portions of five samples that had high levels of 14C in HPLC Fraction 4 were incubated with lactate dehydrogenase (LDH), NAD, glutamate, and glutamate-pyruvate transaminase (GPT), the 14C previously recovered in HPLC Fraction 4 (i.e., the lactate fraction) was recovered in Fraction 2 after enzymatic derivatization of lactate to alanine (i.e., the 14C-labeled lactate was converted to labeled pyruvate by LDH, then to labeled alanine by GPT). Concentrations (nCi/g) of labeled glucose and total metabolites are given in Table 2 . Statistically significantly different left-right differences were identified with the two-tailed paired t test. 14C-labeled lactate in activated and control cerebral cortex at the end of the 5-to 7-min labeling period were 228.5 ± 35.7 and 56.2 ± 39.4 nCilg, respectively (p < 0.001, two-tailed paired t test). The levels of unlabeled lactate recovered from brain at about 27 min after the first application of KCI were 8.48 ± 2.36 and 2.47 ± 2.52 jimol/g in the left and right cortex, respectively (p < 0.001 ).
inated from plasma [6-14C]glucose; some lactate was, however, probably derived from glycogen (Dringen et aI., 1993) and, perhaps, also from glu tamate (Sonnewald et aI., 1993) . Thus, the pools of lactate in intracellular and extracellular spaces in control and experimental cortex are turning over, and their specific activities nearly equilibrate with that of plasma glucose within 5-7 min.
DISCUSSION
Estimation of CMRg1 C with brief assays It is well-known that the rate of glucose utiliza tion increases and the energy charge is preserved during spreading depression; there are small de creases in the levels of glucose and glycogen and a rise in lactate content (Krivanek, 1958 (Krivanek, , 1961 (Krivanek, , 1962 Shinohara et al., 1979; Gj edde et al., 1981; Mies and Paschen, 1984; Kocher, 1990; Lauritzen et aI., 1990) (Table 2, Fig. 3 ). Rates of oxidative metabo lism also increase in brain during spreading cortical depression. For example, reduced NADH fluores cence, interpreted as an indicator of increased mi- . ;
tochondrial oxidative metabolism, coincides with temporal changes in EEG pattern, electrical poten tial, and extracellular K + levels during spreading cortical depression (Rosenthal and Somjen, 1973; Mayevsky and Chance, 1974; Mayevsky and Weiss, 1991) . The magnitude of decrease in NADH fluo rescence during the wave of spreading depression is positively correlated with the shift in electrical po tential (Rosenthal and Somjen, 1973) and is about half the magnitude, but in the opposite direction, of that observed in the normoxic-anoxic transition (Mayevsky and Chance, 1974) . The rates of local blood flow and O2 consumption are reported to be about twofold higher during the wave of spreading depression compared to ipsilateral tissue before or after the wave, and O2 consumption during the wave was about 45% higher than that in the contra lateral cortex (Mayevsky and Weiss, 1991) . Rates of O2 and glucose consumption during and after a sin gle wave or repeated waves of spreading depression has not, to our knowledge, been simultaneously de termined, and the extent of coupling not known. In the present study increases in CMRglc in the were 63 ± 11 and 28 ± 7 nCi/jimol, re spectively; the mean ratio of the specific activity of lactate to that of glucose was similar in the activated and control cere bral cortex and averaged 0.45 ± 0.14. cerebral cortex following topical application of KCI were easily detected by autoradiography within 5-7 min after administration of e4C]DG. Thus, brief, mild activation of metabolism is reflected by rapid accumulation of 14C-Iabeled metabolites of e4C]DG in tissue, and e4C]DG can, therefore, be used to detect local increases in metabolism of the brain even. during short or transient periods of activation. Changes in the value of the lumped constant are small as long as the tissue glucose levels remain above 0.7-1 mM and would then not interfere with the qualitative interpretation of the results; below this level the value of the lumped constant increases sharply (Dienel et aI., 1991) . On the other hand, when [6-14C]glucose was used as the tracer, in creased CMRglc was barely detectable within 5-7 min by autoradiographic assays (Fig. 1 , Tables 1  and 2 ) (Ackermann and Lear, 1993) , even though most of the 14C in the tissue at the end of the ex perimental period was in the form of metabolites (i.e., about 79 and 88% in control and experimental cortex, respectively). Similar observations were made in studies of photic stimulation and seizures induced with kainic acid (Collins et aI., 1987; Ack ermann and Lear, 1989) . Thus, [6-14C]glucose has been found to be an unreliable tracer to assay in creases in CMRglc in three experimental conditions, probably due to increased labeling of metabolites (e.g., carboxylic acids, amino acids, and CO2) that diffuse from the tissue. On the other hand, almost all labeled metabolites of e4C]DG in brain are phos phorylated , and DG is the preferred tracer to assay functional increases in glu cose utilization, even with brief experimental peri ods. Calculated values of CMRglc determined in the present study are based on direct measurements of the sizes of the metabolite pools in brain and the integrated specific activities of the precursor pools in plasma. These values are minimum values, be cause to obtain true values of CMRglc, which would be higher, it is necessary to subtract from the inte grated plasma specific activity a term to correct for the lag of the tissue behind the plasma. This term is influenced by the values of the rate constants, which are not precisely known, and errors can arise because their values have a large influence on cal culated CMRglc at early times after a pulse (Sokoloff et aI., 1977; Sokoloff, 1982; Mori et aI., 1990) . In the present study, the predicted tissue concentrations of both 14C-Iabeled DG and glucose were calculated by the operational equation of the e4C]DG method (Sokoloff et aI., 1977) mental periods (see Materials and Methods) and were found to deviate from the measured values by about 100-200%. The ratios of predicted to mea sured e4C]DG were 2.6 ± 0.8 and 1.7 ± 0.1 (mean ± SD; n = 6) for the left and right cortex, respec tively; the corresponding ratios for e4C]glucose were 3.3 ± 0.8 and 2.4 ± 1.3, respectively. Over estimation of the free e4C]hexose precursor pools would lead to underestimation of the 14C-Iabeled metabolite pool when computed from total 14C in tissue measured by quantitative autoradiography. Thus, in the present study, the calculated CMRglc based on the predicted levels of metabolites was lower (i.e., 40-70% for DG and 20-30% for glucose) than that obtained with measured levels. The same rate constants were also used to estimate the inte grated specific activity of the brain precursor pool from measured plasma specific activity; integrated tissue precursor pool specific activities were 69 ± 2 and 70 ± 4% (n = 6/group) of integrated plasma specific activities for DG and glucose, respectively. Errors in this estimate would also influence the ac curacy of the calculated CMRglc• The values for CMRglc determined in brief assays are, therefore, not so accurate as one might desire but can be used to identify activated structures in functional map ping studies.
Loss of labeled metabolites of [6-14 C)glucose
The results of the present study demonstrate that 14C-Iabeled lactate is a major labeled product of [6-14C]glucose in activated but not in control cortex. Lactate is relatively diffusible and can spread rap idly from the cells in which [6_14C]glucose is phos phorylated. Collins et ai. (1987) , Ackermann and Lear (1989) , and Lear and Kasliwal (1991) have sug gested that loss of labeled lactate from brain to blood might account for the underestimation of CMRglc during activated conditions when assayed with [6_14C]glucose. The present results are consis tent with the possibility that lactate loss from acti vated tissue is an important factor in the underesti mation of CMRglc with [6_14C]glucose. The fraction of lactate lost to cerebral venous blood remains to be determined; our preliminary results suggest that labeled lactate accounts for most but not all of the 14C lost from brain during bilateral spreading de pression (Adachi et aI., 1994) . Loss of labeled lac tate from brain to blood has not, to our knowledge, been adequately examined under conditions in which CMRglc is increased. In normal, conscious (Hawkins et aI., 1974) , or starved (Mans et aI., 1987) rats, significant efflux of labeled products of [2-14C]glucose from brain was not detected, and loss was low in diabetic rats (Mans et aI., 1988) .
Arteriovenous differences for unlabeled lactate are small in normal, conscious rats (i.e., �4% of that for glucose), but they can increase severalfold (i.e., to � 13% of the glucose uptake in acute hyperam monemia) (Hawkins et al., 1973) . In lengthy PET studies in humans, corrections for loss of labeled CO2 and acidic metabolites of [1-11C]glucose are necessary (Blomqvist et al., 1990) .
Neural cellular membranes appear to be more permeable to lactate than the blood-brain barrier of adult rats Assaf et al., 1990; Lear and Kaliswal, 1991; Nedergaard and Goldman, 1993) , and most of the lactate diffusing from cells is probably retained in adult brain. On the other hand, in immature rats in which the blood-brain barrier is more permeable to lactate, losses from brain are likely to be higher. In suckling rats, the ratio of the specific activity of lactate to that of glucose in brain was found to reach a plateau at about 7 min after an intraperitoneal injection of [2_14C]glucose and to at tain a value, 0.13, much lower than that observed in the present study (i.e., 0.45), presumably due to greater influx of unlabeled lactate from blood into brain in the young animals (Cremer and Heath, 1974) . Transient, mild to moderate increases in the levels of extracellular lactate have been observed by microdialysis under various experimental condi tions Schasfoort et al., 1988) , including spreading depres sion (Scheller et al., 1992) . Extracellular glutamate concentrations also increase during cortical spread ing depression (Korf and Venema, 1985; Szerb, 1991; Fabricius et al., 1993) . Once in the interstitial and perivascular spaces, labeled metabolites could rapidly spread throughout the brain by various mechanisms, including perivascular fluid circula tion, which can disperse tracer proteins throughout the forebrain within 6 min (Rennels et al., 1985) . Thus, movement or trafficking of labeled lactate and other metabolites within the brain might be a more serious problem than loss of these compounds from the brain when labeled glucose is used to assay local CMRglc. Diffusion of labeled, nonphosphory lated metabolites of [6-14C]glucose within the cere bral cortex might explain the relative homogeneity of the levels of 14C in the various layers of the cor tex (Fig. 1) .
Labeling of metabolites by [ 14 C]glucose
Amino acid pools, mainly glutamate, in brain are claimed to sequester most of the 14C derived from [6-14C] glucose during the routine 5-to lO-min ex periment (Hawkins et al., 1985) . In the present study, about 10 and 36% of the total 14C in the me tabolite pool were recovered as e4C]lactate in the control and activated tissues, respectively. The ala nine/glutamine HPLC fraction contained less 14C than the lactate fraction in both the control and the experimental cortex. The HPLC fraction containing glutamate and other acidic compounds trapped about 50% of the 14C in the "control" tissue, but a smaller percentage (35%) was recovered in the ac tivated cortex. The additional e4C]glucose that must have been metabolized in the activated cortex either did not enter or was not retained in the pools of acidic metabolites.
The recovery of significant quantities of 14C de rived from [14C]glucose as labeled lactate in the present study is consistent with the results of earlier studies (reviewed by Balazs, 1970) . For example, the specific activity of lactate increases rapidly after an injection of [U-14C]glucose and is similar to that of glucose and alanine (Gaitonde, 1965; Yoshino and Elliott, 1970) . Lactate was also found to ac count for 15-35% of total 14C in brains of rats 5-15 min after a pulse of [14C]glucose; this was a higher percentage than that recovered in neutral amino ac ids but was similar to or less than that recovered in glutamate (Flock et al ., 1966; Yoshino and Elliott, 1970) . The distribution of 14C in these studies might have been influenced, in part, by the freezing pro cedure (i.e., immersion in liquid N2 does not stop metabolism immediately and anoxia could stimulate glycolysis), but the results suggest the possibility that experimental or physiological conditions might influence the magnitude of partitioning of 14C from [14C]glucose into various metabolic pathways in brain. For example, the percentage of the 14C re covered in lactate was greatly increased after hepa tectomy (which increased brain ammonia and glu tamine levels) and, in many animals, was equal to or greater than that recovered in glutamate (Flock et al. , 1966) . Also, the specific activities of glutamate and other amino acids derived from e4C]glucose were altered by various treatments; for example, they decreased during hypoxia and seizures (Y oshino and Elliott, 1970) . Amino acid pools can not, therefore, be assumed to be the major traps for 14C derived from [14C]glucose under all experimen tal conditions.
Oxidative metabolism of glucose probably also rises during spreading depression because oxygen consumption is reported to increase 1.5-to 2-fold (Mayevsky and Weiss, 1991) , and brain tissue (Siesjo, 1978) and synaptosomes (Kauppinen and Nicholls, 1986; Erecinska and Dagani, 1990) are ca pable of relatively large increases in oxidative me tabolism. Lactate levels do, however, increase dur ing spreading depression (Krivanek, 1961 (Krivanek, , 1962 Lauritzen et al., 1990) . In the present study, the amount of unlabeled lactate that accumulated in the "control" and activated cerebral cortex, about 2.5 and 8.5 j.Lmol/g, respectively (Fig. 3) , appears to be only a small fraction of the total glucose consumed in either cortex during the 27-min period of spread ing depression. If the average minimal CMRglc (i.e., 1.1 j.Lmol g -I min -I) ( Table 2 ) is used to estimate the amount of glucose consumed, at least 59 j.Lmol/g of pyruvate would have been produced from glu cose during the 27-min interval in the activated cor tex (i.e., 1.1 x 27 x 2 j.Lmol pyruvate/j.Lmol glu cose), compared to 41 j.Lmol/g in the control cortex. Pyruvate production would be about 40% higher (i.e., about 85 and 57 j.Lmol/g, respectively) if the estimated integrated activity of the precursor pool in brain were used to calculate CMRglc and con sumption of some glycogen during spreading de pression [i.e., about 30% (Krivanek, 1958) , or � 1 j.Lmol glucose] were taken into account. Thus, only 4-6 and 10--15% of the total glucose consumed in the control and activated cortex, respectively, were recovered as unlabeled lactate. A larger fraction, about 20--30%, of the glucose consumed due to stimulation of the cerebral cortex, i.e., the differ ence between the activated and the control cortex, accumulated in the tissue as lactate; the net in crease in the level of lactate in the activated cortex (i.e., activated minus control) was 6 j.Lmollg, and the additional glucose consumed in the activated cortex was 18 or 28 j.Lmollg, depending on the calculated values of pyruvate production. Even if the amount of unlabeled lactate lost from the cortex were equal to that retained in the cortex at the end of the 27-min period, most of the energy recovered from me tabolism of glucose during spreading depression would have come from oxidative rather than glyc olytic metabolism.
Summary and conclusions
Significant loss of labeled metabolites from the cerebral cortex was revealed by failure of [6_14C]_ glucose to register increased rates of glucose utili zation during K + -induced spreading cortical de pression. Efflux of labeled compounds from the ac tivated tissue within 7 min must have been exten sive to account for the 40--80% underestimation of CMRglc• The routes of loss and identities of the dif fusible metabolites remain to be determined; if all of the loss of 14C from the activated tissue were due to efflux of labeled lactate, glycolysis would have in creased markedly. The size of the lactate pool in creases in the activated tissue, and it has nearly equilibrated with plasma [6-14C]glucose within 7 min after the pulse of tracer. Our preliminary evi dence indicates that transport of labeled com-pounds (mainly lactate) to blood does not fully ac count for the magnitude of underestimation of CMRglc (Adachi et aI., 1994) , suggesting metabolite trafficking within the brain tissue during spreading depression. Transient or prolonged mismatch of the rates of oxygen and glucose consumption might oc cur as the repeated waves of spreading depression traverse the tissue and as the various compensatory mechanisms (e.g., glycolysis, glycogen degradation and resynthesis, and changes in the rate of delivery of oxygen and glucose) respond with different lag times to meet the energy requirements of the tissue. The accumulated lactate could, therefore, result from an initial imbalance between supply and de mand and also from small incremental increases with time throughout the 27-min experimental inter val. Stoichiometric coupling of glucose and oxygen consumption might, however, be preserved in some structures (e.g., synapses [Kauppinen and Nicholls, 1986; Erecinska and Dagani, 1990] ) but not others (e.g., glial cells [Walz and Mukerji, 1988a ,bD. Thus, the metabolic history of the tissue and the contri butions of the component cells to overall tissue me tabolism must be taken into account when evaluat ing the relative rates of consumption of oxygen and glucose to support physiological events.
